We 
Summary

We tested the efficacy, stability and predictors of outcome of improvement in Unified Parkinson's Disease Rating Scale motor scores in the OFF state increased with age. The unilateral pallidotomy used to treat patients with Parkinson's disease inadequately controlled with pharmacotherapy (IP). improvement in total dyskinesia scores occurred irrespective of age, but increased with duration of disease, duration of
Introduction
Pallidotomy is gaining popularity as a treatment for patients created in pallidotomy versus thalamotomy, complications such as dysphagia, hypotonia, worsening gait and impaired with Parkinson's disease who have disabling symptoms that are inadequately controlled with pharmacotherapy (IP). Early balance are not reported with pallidotomy (Laitinen, 1995) .
There is now some consensus that in experienced hands stereotactic pallidotomy for extrapyramidal disease was pioneered by Guiot and Brion (1953) and Narabayashi and pallidotomy is a relatively safe and effective surgical treatment for patients with symptoms and complications that are Okuma (1953) . A few years later Leksell and his colleagues (Svennilson et al., 1960) reported that the optimal target refractory to optimal adjustments by drugs (Olanow, 1996) . Nevertheless, carefully conducted prospective studies should be the posteroventral pallidum. Laitenen et al. (1992a Laitenen et al. ( , b, 1994 Laitenen et al. ( , 1995 (Dogali et al., 1995; Iacono et al., 1995 , Lozano 1995 Lozano et al., 1995; Baron et al., 1996) . Most of the previous reports have failed to employ the full rating scales et al., 1995; Baron et al., 1996) . In spite of the larger lesions electrical stimulation, both with (Dogali et al., 1995; Iacono et al., 1995; Lozano et al., 1995; Baron et al., 1996) and without (Laitinen, 1992b; Sutton et al., 1995) microelectrode controlled release Sinemet were regarded as equivalent to 75% levodopa in standard Sinemet. Similarly, the doses recording of cellular activity. Few studies have systematically tested the stability of improvement of parkinsonian disability of bromocriptine and pergolide were all expressed as the equivalent dose of bromocriptine (1 mg pergolide ϭ 10 mg (Dogali et al., 1995; Fazzini et al., 95; Baron et al., 1996) and of dyskinesias using standard rating scales (Baron et al., bromocriptine) . In the postoperative phase the medications were adjusted as little as possible in order to avoid con-1996) over a 1-year follow-up period. We therefore explored the efficacy and stability of stereotactic unilateral pallidotomy founding the effects of surgery. in a prospective 1-year study of 24 patients recruited from our Movement Disorder Clinic. We sought to identify predictors of outcome and we attempted to simplify the
Clinical assessment
We used the CAPIT (Core Assessment Program for surgical procedure without compromising the results. We therefore employed CT rather than MRI, and omitted Intracerebral Transplantation) for definitions of 'OFF' and 'ON' states (Langston et al., 1992) . The patients were always microelectrode recording.
examined at the same time at each visit. For the OFF state, patients were examined between 08.00 and 09.00 hours following ജ12 h withdrawal of antiparkinson drugs (18 h
Methods
for controlled release levodopa/carbidopa). They were then examined in the ON state which was defined as when
Subjects
The subjects were selected by a neurologist experienced in they were optimally medicated following the OFF state, operationally defined as the neurological status~1 h later. movement disorders (D.B.C.) and a neurosurgeon (I.M.T.) experienced in stereotactic surgery for IP. All patients had For this examination all patients were given standard Sinemet in a dose that approximated their normal morning dose of clinically definite IP by our criteria (Calne et al., 1992) . The exclusion criteria were: dementia, supranuclear gaze palsy, controlled release Sinemet. Patients were assessed using the complete Unified Parkinson's Diease Rating Scale (UPDRS) cerebellar signs, severe dysautonomia and medical illnesses that might carry a high surgical risk or would preclude detailed version 3.0, subset I (mental, behaviour and mood; maximum score ϭ 16), subset II [activities of daily living (ADL) in pre-and postoperative assessment on multiple occasions. All patients had been on stable antiparkinsonian medications for ON and OFF states; maximum score ϭ 52], subset III (motor; ON/OFF; maximum score ϭ 108) and subset IV at least 3 months before the surgery, following attempts to optimize the drug regimen and minimize the side effects.
(complications: A, dyskinesias, maximum score ϭ 13; B, clinical fluctuations, maximum score ϭ 7) (Fahn et al., 1987) . Twenty-four patients underwent unilateral pallidotomy. The clinical characteristics of the patients are listed in Table  Baseline parkinsonian disability was rated as asymmetric when the sum of scores for rest tremor ϩ rigidity ϩ 1. Twenty-two patients, in addition to severe parkinsonism, had motor fluctuations ('wearing off' and 'ON-OFF' bradykinesia (maximum score ϭ 32 for each side) for the sides contralateral and ipsilateral to the pallidotomy differed phenomena; see 'Clinical assessment' section) with disabling levodopa-induced peak-dose dyskinesias in the ON phase.
by ജ2 points. We also used the Purdue Pegboard test (PPBT); this records the number of pegs inserted into a pegboard in Two patients had tremor-dominant parkinsonism without motor fluctuations or dyskinesias. Both these patients had 30 s unilaterally with each hand separately (uPP) and bilaterally with both hands (bPP) simultaneously (Tiffin, rigidity and bradykinesia that were levodopa-responsive, while their severe tremor was unresponsive to all antipar-1948). An experienced technician performed the test. He was blinded to the side of surgery and was unaware of the general kinsonian medications. All patients were taking levodopa/ carbidopa (controlled release, standard or a combination).
outcome of surgery. Dyskinesias were scored in the ON state (20-min examinations until the patients returned to the Twenty-one patients were on bromocriptine and two were on pergolide. For the analysis, doses of 100 mg levodopa in baseline OFF state) using the rating scale for dyskinesias of Goetz et al. (1994) . Dyskinesias were also scored for the the electrode is too close to the internal capsule and needs to be moved to a target more anterior and lateral. Stimulation limbs and axial structures separately (maximal score of 4 for each limb, 4 for the trunk and 4 for the face and neck).
was carried out at loci 6, 4 and 2 mm above the target and then on the target and 1 and 2 mm past the target in order Dyskinesias were rated as asymmetric when the scores for the contralateral and ipsilateral sides (maximum score ϭ 8 to reach a position deep in the pallidum that did not evoke visual or other untoward responses. We have learned from for each side) differed by ജ1 point. All assessments at all visits were video taped. Clinical evaluations and videotaping our experience not to advance the electrode past the position where the phosphenes were first evoked and not to make the of tests were done 1 week before surgery, 1 week after surgery and at intervals of 3 months up to 1 year (the first lesion Ͻ3 mm above that plane. The first lesion was made at 80°C for 60 ss after noting that no ill effects occurred time point for reassessment of ADL scores and PPBT during the follow-up period was at 3 months). Clinical assessments from raising the temperature to 42°C and then to 60°C. There was often some improvement in contralateral hand function and blind, randomized, videotaped assessments were scored by separate neurologists not involved in the selection of just from electrode placement or from the 42°C trial. Second and third lesions were made at the same temperatures after patients, and experienced in the use of the rating scales. Blinded video assessments and un-blinded clinical the electrode was withdrawn 3 mm and then 6 mm from the deepest lesion. The second and third lesions usually led to assessments were similar at preoperative, immediate postoperative and 3-monthly evaluations. Subsequently, only further improvement in hand tremor and mobility and produced the same effect in the leg. un-blinded clinical assessments were made. It was not possible to have a neurologist properly blinded to the side of surgery for video assessments because of the dramatic unilateral improvement of dyskinesias in the ON state even
Statistical analysis
The mean scores for total UPDRS motor, ADL and bPP (all though the postoperative status was hidden. Hence, both the scores from un-blinded clinical assessments and the blind scores in both ON and OFF states), total dyskinesia scores and doses of levodopa/carbidopa and of dopamine agonists PPBT scores were analysed for the study.
We conducted confrontational visual field analysis with a were compared at baseline, 1 week (except for ADL and PPBT), 3, 6, 9 and 12 months using repeated measures Goldmann computer-driven perimeter 1 week before surgery and 1 week postoperatively.
analysis of variance. Wilcoxon signed rank tests were used to compare the effects at baseline, 3 and 6 months for the UPDRS motor subscores: rest tremor, rigidity, bradykinesia, gait, postural
Surgical procedure
Pallidotomy was performed contralateral to the side with stability, Hoehn and Yahr stages and uPP for ipsilateral and contralateral sides (all scores in the OFF and ON states). the worst parkinsonian motor deficits. If the deficits were symmetrical pallidotomy was performed on the side Wilcoxon signed rank tests were also used to compare the mean contralateral and ipsilateral scores for dyskinesias and contralateral to the dominant hand. Before surgery, all antiparkinsonian medications and sedation were withheld, UPDRS subsets I and IV. Bonferroni's method was used to adjust significance levels between time periods for each long enough to assure that the patient's physical signs were not masked (usually 8-12 h). A Cosman-Roberts-Wells or outcome measurement. The 9 and 12 month time points were not used, because of the relatively small sample sizes at Brown-Roberts-Wells (Radionics, Inc., Burlington, Mass., USA) ring and localizer were applied under local anaesthesia, these times. Regression analysis was carried out to identify baseline and a CT scan obtained with slices at 2 mm intervals through the third ventricle and upper midbrain. The ring was indices which predicted improvements in total UPDRS motor scores and in total dyskinesia scores. This related various fastened to the patient such that the cuts would be parallel to the inter commissural plane (Turnbull et al., 1985) . The covariates measured at baseline to the change in scores from baseline to the mean scores at 1 week, and 3 and 6 months. coordinates of a target where the 1.5 mm exposed tip of an electrode 1.8 mm diameter would be placed in the The covariates analysed were: baseline UPDRS score, baseline total dyskinesia score, age, duration of disease, posterolateral region of the medial globus pallidus, as described by Laitinen (1995) , were recorded. This duration of fluctuations and duration of treatment. We further employed an analysis of variance to assess the effect of radiographic target was 5-6 mm below the intercommissural plane, 21-23 mm lateral to midline and 2 mm anterior to the baseline clinical symmetry versus asymmetry on the measured improvements in total dyskinesia score and total UPDRS midpoint of the intercommissural plane. A burr hole on the coronal suture at the same lateral distance as the target was motor score. drilled under local anaesthesia and the electrode introduced. Stimulation at 2 and 50 Hz at a point 6 mm short of the target on the electrode trajectory usually evoked no response.
Results
Twenty-four pallidotomies were performed (16 men, eight Experience has allowed us to determine the threshold for a motor and, occasionally, sensory response that indicates that women), of which 13 were left-sided and 11 right-sided. At the time of analysis, 23 patients had completed 1-week and 3-month assessments; 20 patients had completed the 6-month assessment and 11 patients had completed 9-month and 1-year assessments. One patient (a 70-year-old woman), who had an uneventful intraoperative and immediate postoperative course, sustained an intracerebral haemorrhage 2 weeks after the surgery, while swimming in a mountain lake. She died 2 days later. She had shown significant improvement in her dyskinesia and UPDRS scores when assessed 1 week after surgery. She had no past history of hypertension. Postmortem examination revealed a large, deep cerebral haematoma on the same side as the surgery. It was not possible to conclude from autopsy whether the surgical track was relevant to the aetiology of There was perivascular rarefaction within the basal ganglia, suggesting cerebrovascular disease. The results of her assessments were excluded from the analysis.
Two patients had hemiparesis lasting up to 3 weeks into the postoperative period. However, there was no residual weakness in either case at subsequent assessments. Three patients developed scotomas though none were symptomatic at 3 month follow-up. One of these patients had, in addition, a facial paresis that had not improved by 1 year. motor scores and ADL scores relative to baseline at each of the follow-up time points (Table 2 ; Figs 1 and 2) . The improvement was stable from the first to the last follow-up Subscores time point (Fig. 3) . There was no significant improvement in the bPP scores at any stage (Fig. 4) . The pattern of changes Contralateral side. All major parkinsonian signs: rest in the group of 11 patients who had completed the 1-year tremor, rigidity, bradykinesia and uPP scores showed follow-up was similar to the total group when assessed at 6 significant improvement relative to baseline at the 3-and months. The mean baseline scores of these 11 patients were 6-month follow-up (Table 4 ; Fig. 5 ). This improvement not statistically different from the baseline scores of the remained stable up to 6 months. remaining 12 patients in all outcome measurements with the exception of the ADL measurements in the OFF state at Ipsilateral side. There was a significant improvement in baseline. For comparison the total scores obtained in the tremor and bradykinesia scores on the ipsilateral side at both ON-state are shown in Table 3 ; they are discussed in the 3 and 6 months (Table 5 ; Fig. 6 ). This benefit was not significantly sustained at 9 or 12 months. 'ON-state changes' section. follow-up time point. There were no significant changes beyond the first time point of follow-up in the ADL and bPP scores. The improvement in the dyskinesia scores remained stable during the first 9 months of follow-up. At 12 months, however, the improvement was significantly lower than at 1 week (11 patients).
OFF-state changes Total scores
Subscores
Contralateral. There was a significant improvement in contralateral scores for dyskinesia, rigidity and uPP, relative to baseline (Table 4 ; Fig. 5 ). This improvement remained stable up to 6 months.
Other measurements. There was significant improvement in the scores for gait, postural stability and Hoehn and Yahr
Ipsilateral. There was a significant improvement in the staging at 3 and 6 months relative to baseline, with no dyskinesia scores and uPP, but no significant changes were significant changes between these two time points of follownoted in any of the other corresponding ipsilateral scores up (Table 6 ; Fig. 7 ).
( Table 5 ; Fig. 6 ).
Other measurements (Table 6 ; Fig. 7 ). There was a ON-state changes significant improvement in the UPDRS subset IV-A scores (for dyskinesia) while the subset IV-B scores (for fluctuations)
Total scores (Table 3) The mean scores for total dyskinesia (Fig. 8) , ADL and bPP and the scores for UPDRS subset I (mental, mood and behaviour) did not show a significant change. There were showed significant improvement relative to baseline at each (r ϭ 0.8, P Ͻ 0.0001), duration of disease (r ϭ 0.5, P ϭ 0.01) and duration of dyskinesias (r ϭ 0.5, P ϭ 0.003). Age did not predict improvement in dyskinesia scores. also no significant changes in the scores for gait, postural stability and Hoehn and Yahr stage while axial dyskinesias did show a significant improvement.
Discussion
We found that pallidotomy improves all the parkinsonian There was no significant change in the dose of levodopa/ carbidopa or dopamine agonists relative to baseline at any motor signs in the OFF state on the contralateral side. Levodopa-induced dyskinesia improves bilaterally. stage of follow-up (Table 3) . stimulation were similar to the results reported with pallidotomy using MRI and cellular recording for target localization (Hutchison et al., 1994; Dogali et al., 1995; Lozano et al., 1995 , Baron et al., 1996 . Five of our patients (from the first 10 operations) developed transient minor complications. In one patient facial paresis was symptomatic and permanent. These complications appear to have been the result of failure, during the initial procedures, to interpret the results of intraoperative stimulation correctly. None of these problems has occurred in over 30 patients treated since the initial 24 cases described in this report. Permanent hemiparesis, permanent scotomas, intracerebral haemorrhage and infection have been reported with pallidotomy using Fig. 7 Effect of pallidotomy on other scores (between baseline cellular recording for target localization (Iacono et al., 1995;  and 6 months of follow-up, n ϭ 20). Filled bars ϭ OFF state; Baron et al., 1996) . A combination of radiological localization open bars ϭ ON state. *P Ͻ 0.05.
and mapping of cellular recording fields involves prolonged surgery that many patients with advanced disease may be unable to tolerate while off their regular medications. They may also require catheterization. It also carries the risks associated with making multiple needle tracks in the brain. Surgery without microelectrode recording makes the operation accessible to more patients. Our pallidotomies took an average of 2.5 h. With cellular recording the length of the procedure is increased to 8 h or more. The influence of pallidotomy on global parkinsonian signs and dyskinesias reflects the crucial role played by the lateral and posterior portion of the internal globus pallidus in the genesis or transmission of abnormal neural activity responsible for these signs. In the MPTP (N-methyl-4-phenyl- 1,2,3,6-tetrahydropyridine) monkey model, parkinsonian signs of bradykinesia, rigidity and tremor are associated with increased activity in the internal globus pallidus (Filion and The overall level of improvement was highly impressive Tremblay, 1991; Delong, 1990; Alexander and Crutcher, in many patients, who were able to resume work and 1990). In patients with IP the neuronal activity in the internal recreation that had previously been abandoned.
globus pallidus has been shown to be different from that of We confirmed the reports of Laitinen et al. using standard the external globus pallidus but not as distinctly as in MPTP rating scales; Leksell's pallidotomy can alleviate all the monkeys (Sterio et al., 1994) . major parkinsonian motor signs and drug-induced dyskinesias Conventional functional models of the human basal ganglia (Laitinen et al., 1992a, b) . The benefits derived from this surgery using radiological localization and electrical fail to explain all the effects of surgery on different subcortical
